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Poly(L-lactide) (PLLA) in its L-form has promising mechanical properties. Being a semi-crystalline 
polymer, it can be subjected to strain-induced crystallization at temperatures above Tg and can 
thereby become oriented. Following a simultaneous (SIM) biaxial strain process or a sequential 
(SEQ) biaxial strain process, the mechanical properties of biaxial strained tubes can be further 
improved. This study investigated these properties in relation to their morphology and crystal 
orientation. Both processes yield the same mechanical strength and modulus, yet exhibit different 
crystal orientation. Through further WAXS analysis it was found that the SEQ biaxial strain yields 
larger interplanar spacing and distorted crystals and looser packing of chains. However, this does 
not influence the mechanical properties negatively. A loss of orientation in SEQ biaxial strained 
samples at high degrees of strain was detected, but not seen for SIM biaxial strain, and did not 
correlate with mechanical performance in either case. However, post-annealing reduced the 
orientation to the same level in both cases, and the modulus and strength is decreased for both SIM 
and SEQ biaxial. It is therefore concluded that mechanical properties after biaxial strain are related 




Poly(L-lactide) (PLLA) is a biodegradable and bioabsorbable semi-crystalline aliphatic polyester, 
which can be derived from starch based products. It has been of interest as a replacement for 
petrolbased polyesters in both the packaging industry and in the biomedical industry.1-4 It has its 
drawback in lack of sufficient mechanical and physical barrier properties.5 Both the physical and 
mechanical properties strongly depend on the structure of the polymer, including the crystal 
morphology.6 In its L-lactic form, PLLA, it has promising mechanical properties, which can be 










improved further by crystallization. Isothermal (ISO) crystallization has been done to improve the 
properties for PLLA, but is often done at high annealing temperature and/or durations unfavorable 
for production in the industry.7-9 Deformation of PLLA in its amorphous form at temperatures above 
glass transition temperature (Tg) and below cold crystallization temperature (Tcc) have been widely 
investigated in relation to its crystallinity, orientation of the molecular chains within the amorphous 
regions.8,10-15 The deformation stimulates the otherwise slow crystallization kinetics for PLLA at 
lower temperatures, observed during cold crystallization or from melt.13,16 It thereby increases 
stiffness and strength related to a rise in crystallization.17 Several studies on mechanical properties 
during deformation have been performed on PLLA film, which was strained or deformed at a given 
degree of strain, rate and/or temperature, although little was revealed about the mechanical 
properties remaining after deformation. 2,6,10,11-13,14,18-21 Because film fabrication is a common 
process in the industry, and is done to improve mechanical properties, groups have investigated 
both uniaxially and biaxially strained films.12,22,23 The objective of this study is to investigate the 
changes in crystallinity, crystal size and orientation of crystals and the amorphous chains and 
discussing in relation to the mechanical properties (elastic modulus and yield stress). Additionally, 
the objective is to identify how the process, whether simultaneous (SIM) or sequential (SEQ) 
biaxial strain, influences the orientation and crystal size in comparison to ISO crystallization.  
Experimental 
PLLA 2003D pellets were purchased from NatureWorks LLC (Minnetonka, MN, USA) (~4.1 % D-
isomer; molecular weight, 1.85 x 105 g/mol), heated to 194 °C and extruded into small tubes with 
an outer diameter of 3.4 mm and an inner diameter of 1.7 mm. After extrusion, the tubes were 
quenched well below Tg in a cooling medium at 15.5 °C for 14.5 s, leaving the tube with low 
crystallinity (~1%), as determined by differential scanning calorimetry (DSC). 
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mold as the elongation occurs. This process is described as simultaneous (SIM) biaxial strain. If the 
pressure is applied after the elongation the process is described as sequential (SEQ) biaxial strain.  
SIM biaxial strain  
An internal pressure was created by injecting air inside the lumen of the tube prior to heating. Once 
heated, the tube was axially elongated with the speed of 100 mm/s to the desired length. The tube 
expands to the given form size at the instant it is pulled axially. 
 
SEQ biaxial strain 
After heating, the tube was axially stretched from each end to a desired length, after which the 
pressure was applied and the tube was expanded to the given form size.  
The axial strain (εa) is given for each specimen as the change in length (ΔL) over the original length 
(L0) (Eq. 1). The radial strain (εr) is given as the change in diameter (ΔR) over the diameter prior to 
axial strain (R0) minus the reduction in thickness due to the axial strain (ta) (Eq. 2).  
ࢿࢇ = ∆ࡸࡸ૙	  Eq. 1 
	ࢿ࢘ = ∆ࡾࡾ૙ି࢚ࢇ   Eq. 2 
 
Total area expansion (Aexp), or the degree of expansion, is the relation between the radius after any 
axial strain and the radius after expansion (R2) (Eq. 3). The radius after axial (R1) strain is 
calculated with the assumption that the volume of the material is the same before and after axial 
strain (see Eq. 4).  
࡭ࢋ࢞࢖ = ࡾ૛ࡾ૚ ∙ ૚૙૙%		 Eq. 3 











ࡾ૚ = ට ࡾ૙
૛∙ࡸ
(ࡸାઢࡸ)   Eq. 4 
Specimen preparation 
Specimens for circumferential testing were cut as rings with a width (w) of 5 mm and a length (L) 
of 18 mm. Specimens for axial testing were cut as strips along the tube with the same dimensions. 
The cross sectional area was determined as the average thickness of each ring and strip times the 
width of the specimens.  
Mechanical testing 
Uniaxial tensile testing was performed in both the axial and circumferential direction using a tensile 
tester (Instron 5564) at a testing speed of 2.7 mm/min, corresponding to a strain rate of 0.15 min-1.  
and pulled to fracture. Data obtained from mechanical testing represents the normal strain and stress 
values. From the data, the elastic modulus (E) was found in the stress interval of 20-40 MPa. The 
yield stress (σy) was determined as local maximum before strain hardening begins. 
 
Wide angle X-ray scattering (WAXS) 
Orientation and crystallinity changes were evaluated by wide angle X-ray scattering (WAXS). 
Samples were examined using a custom made 2D diffraction setup equipped with a rotating anode 
Cu Kα X-ray source, monochromated and focused by 1D multilayer optics (λ=1.5418 Å), operated 
at 50 kV and 200 mA  as described in Apitz  et al, 2005.24 The tube sample was cut in half and 
placed perpendicular to the beam. Distance between detector and sample was 123 mm. 










Measurement duration was 30 min. The crystalline interplanar spacings (d) were determined from 
Bragg’s law (Eq. 5): 
ࢊ = ૃ૛∙ܛܑܖી   (Eq. 3) 
The degree of orientation was found using Herman’s orientation function (Eq.6), and second order 
orientation factor (Eq. 7), as described in further detail by Sakurai et al, 2001,25 quantifies the 
orientation of the lamellae in the stretching direction. The scattering intensity on the 2D detector is 
integrated as a function of radial angle 2θ, and as a function of azimuthal angle ϕ, with ϕ = 0° 
defined at the position of the axial and circumferential directions according to the maximum intensity 
for the reflections corresponding to the 110 planes. The intensity (I (ϕ)) corresponding to diffraction 
from the 110/200 planes was integrated in the interval of scattering vectors q = 1.13-1.24 Å-1 
between 0-360o azimuthal angle. The orientation is defined according to the symmetry axes of the 
diffraction pattern. Total orientation has been achieved when F2 is one, and random orientation 




૛    (Eq. 6) 




 ࡲ૛ = −૛ ∙ ࢌࡴ  (Eq. 7) 
  










The mean crystal size (D) normal to a particular reflection plane (hkl) was found by Scherrer’s 
equation (Eq. 8) using K as a dimensionless shape factor set to 0.9 25,  λ as the X-ray wavelength 
(1.5418 Å) and β½ as the full-width at half maximum of the peak at Bragg diffraction angle, θ. 
  
ܦ(௛௞௟) = ௄∙ఒఉ½ ୡ୭ୱఏ   (Eq. 8) 
Crystal size in the circumferential direction (Dc) was determined from the peak in the scattering 
vector (q) interval of 2.2-2.25 Å-1 corresponding to (018) plane26, whereas crystal size in the axial 
direction (Da) was found for the planes (110/200) in the scattering vector interval of 1.13-1.24 Å-1. 
Thermal properties of PLLA tubes were analysed using a differential scanning calorimeter 
(NETZSCH DSC 200 F3 Maia). Samples of 5-10 mg were heated (10 °C/min) from 0 °C to 200 °C 
in a nitrogen atmosphere (50 ml/min). Data analysis was done in NETZSCH Proteus Analysis 
software v6.1. The Tg was found as the midline between onset and offset of the transition. The 
degree of crystallinity (Xc) was calculated from the enthalpy induced by melting (ΔHm) minus the 
heat fusion induced by cold crystallization (ΔHc) relative to the enthalpy of fusion (∆ܪ°) of a 100 % 
crystalline PLLA sample27 (Eq. 9). For PLLA ∆ܪ° is set to 93 J/g.28 
 
ܺ௖(%) = (∆ு೘ି∆ு೎)∆ு° ∙ 100%		(Eq. 9) 
Enthalpies were quantified through determination of the respective areas for which borders were 
related to extrapolated on-sets and off-sets of the individual traces. The reproducibility of 
determinations for runs on consecutive identical samples is 0.06 % crystallinity. The uncertainty for 
one particular curve of fitting the area of the melting peak is almost one order of magnitude better. 
Runs on different samples from the same lot, i.e. from different positions in the reactor resulted in a 
variation of about 2 %, which is an expression of inhomogeneity. 











tube at 90 
















































































ening as it 
of axial str
in the axia






































































































































and found similar values for elastic modulus (3.7-3.9 GPa) and yield stress (56.2-60.2 MPa), and 
the strain-induced crystallization seen in oriented film applies for tubes as well. Sequential straining 
does not affect the axial modulus as much as the simultaneous does. Simultaneously strained 
sample show a larger degree of anisotropic behaviour in the two directions than the sequentially 
strained samples. The yield stress increases with degree of strain in both directions, regardless of 
processing method. The yield stress in the axial direction for SEQ biaxially strained samples, 
showed higher values than SIM. This means that the orientation of chains (crystal formation or not) 
during the axial elongation has a larger influence on the strength of the material rather than the 
modulus of the material.  
Creating a SIM biaxially strained material by applying a transverse strain to uniaxial strainleads to 
destruction of crystallites (decrease in their size) with poor crystalline regions11,12. During a SEQ 
strain, the transverse strain will gradually destroy the crystalline structure obtained in the uniaxial 
direction; it also creates a crystalline structure in the transverse direction. One could expect 
destruction of crystals formed uniaxially and new ones formed transversely would create a larger 
anisotropy in the material for SEQ as opposed to SIM biaxial strain. However, in this specific case 
the mechanical properties of both SIM and SEQ biaxially strained samples appear to have the same 
degree of isotropy within the material.  
Crystallinity  
The UNI (1.0;0) allows formation of the highest Xc of 34 %, and subsequent heating allows a 
formation of 36 % crystallinity (Table 2). The SEQ and SIM biaxially strained samples showed 
overall no difference in DSC scans (see Figure 5 ) and the same crystallinity of 29-32 %. UNI with 
axial strain at 0.2 and 0.5 did not induce any crystallinity.  
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X-ray diffraction peaks occur in multiple planes for the α-crystal phase listed in Table 3, including 
the planes corresponding to the most commonly occurring reflections for PLLA (103), (010), 
(110/200), (203), (015) and (207)27,31. On the contrary the disordered and less chain-packed α'-
crystal phase31 shows diffraction peaks corresponding to the (110)/(200), (203), (206) and (018) 
planes at higher 2θ,27,31  (see Table 3). In this study ISO crystallization shows diffraction peaks 
solely as α-crystals in (103), (110)/(200), (203), (206) and (015), whereas UNI strain shows peaks at 
lower 2θ indicating α'-crystals, while lacking the peak for the (103) plane but has the additional 
(018). The shift in 2θ could be due to the higher crystallization temperature, Tc = 90 °C in ISO 
crystallization, whereas in UNI strain the Tc = 74 °C. The weak intensity of the (103) reflection is 
normal for ISO crystallization below 90 °C,33 and the reflection for the (010) plane is only visible in 
the ISO crystallization. An additional reflection corresponding to the (015) plane is detected, a 
reflection not detected for SEQ or SIM biaxial strain. 
The difference in 2θ between ISO and strain-induced crystallization was also detected in PLLA 
films13. Stoclet et al, 2010,13 reported a slightly lower 2θ for UNI strain, explaining that the strain-
induced crystals have a larger interplanar spacing. The smaller 2θ means that the crystals have a 
longer distance between crystal planes than the more stable α-crystal form and possibly a state in 
which the polymer chains are in a non-equilibrium configuration. Plane (203), (206) and (018) are 
visible in SIM and SEQ biaxial strain in accordance with reflections of α’-crystals with a larger 
interplanar spacing. From Figure 7 one can conclude that these reflections are only visible for 
strain-induced crystallization. Chen et al, 2011,27 saw a tendency in shift to higher 2θ at higher draw 
ratios, but this was not detected as given in Table 3Error! Reference source not found.. 
Additionally they discovered the (018) reflection peak after drawing, which is also seen in this 
study, but more predominant for biaxial strained tubes than UNI strain.  










Both SIM and SEQ biaxial strain shows diffraction peaks corresponding to the (110/200) planes at 
lower 2θ than for the α-crystals in ISO crystallization.  The sharp reflection of the (110/200) planes 
for SEQ biaxial strain is seen at 2θ = 15.1-15.3°, whereas the reflection for SIM is at 16.2-16.5°. 
This is in agreement with SIM strained PLLA film in a studies by Delpouve et al, 2014,21  and 
Hebert et al, 2012,14 for α’-crystals. For SIM the peak appears at the same 2θ as ISO crystallization, 
whereas the SEQ biaxial strain peak is closer to the peak in the (110/200) planes for UNI strain. It is 
likely that it represents the (110)/(200), but is highly disordered. The planes for SIM are detected at 
angles between 16.2° and 16.5° depending on degree of strain. Due to its similarity with diffraction 
pattern seen for SEQ, it is likely to represent the α'-crystals and not the α-crystals. The disordered 
crystal will return to the equilibrium (from α'- to α-crystals) upon annealing for 60 min at 90 °C, 
which means that further heat processing deletes the processing route history. 
The α’-crystals with their looser chain packaging and disordered structure, will according to 
Saiedlou et al, 2012,32 result in a lower modulus, and higher elongation at break. SEQ biaxial strain 
have a larger interplanar spacing than the SIM strained ones, yet there is no difference in their moduli or 
elongation at break. The crystals for SIM biaxial strain must therefore still be ordered to a degree, where they 
do not contribute to the stiffness of the material. 
Orientation 
Figure 8 shows the orientation factor and WAXS images for each SIM and SEQ biaxial strain along 
with UNI strain, whereas ISO crystallization did not induce crystal orientation. During UNI strain, 
two intense equatorial diffraction peaks appear transverse to the strain direction, meaning that 
crystal orientation in the radial direction has been achieved. During transverse strain (eg. SEQ) the 
diffraction peaks are rotated 90°. It is therefore concluded that a given crystal formation and crystal 
orientation at the initial UNI strain is rotated 90°, if a radial strain is applied. From the WAXS 
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chain relaxation time34. For all expansion the strain rate remains the same and the lower orientation 
seen for SEQ biaxial strain (1.0;3.2) could therefore be explained by the degree of strain. A low 
orientation factor after stretching is usually related to the chains having sufficient time to relax 
during stretching and would also result in low crystallinity.25 It is possible that the larger strain in 
SEQ biaxial strain (1.0;3.2) provides the chains with sufficient relaxation time; however, the 
crystallinity is not reduced with larger strains. As stated previously the crystallinity remains 
constant and so does the orientation for SIM, despite larger ATotal. However, the orientation 
decreases for SEQ biaxial strain at high strain as the diffraction peaks become weaker and a more 
diffuse diffraction ring appears, indicating less anisotropy of the material. It appears that crystals are 
destroyed upon transverse strain and more predominantly for SEQ biaxial strain than for SIM. As 
stated previously from Figure 4 these microstructural changes in crystals and the decrease in 
orientation for SEQ biaxial strain, do not have a negative effect on the mechanical properties. 
During annealing, the crystalline orientation is not preserved and is reduced to 0.1 for both SIM and 
SEQ biaxial strain. It appears that both samples then contain a high number of α-crystals and an 
interplanar spacing close to that for ISO crystallization. Supposedly annealing will not influence the 
network achieved during strain, and annealing tends to lock the chain segments in the amorphous 
phase in such a way that recrystallization becomes unfavourable according to Ou and Camak, 
2010,12. This is in agreement with the fact that no crystallinity growth was detected for SIM or SEQ 
biaxially strained samples after post annealing at 90 °C for 60 min. However, the diminishing of the 
amorphous signal in the WAXS data, when comparing the post annealed sample to the non-
annealed, shows that the amorphous phase has changed during the annealing. The crystal 
orientation factor is reduced to 0.1 for both SEQ and SIM biaxially strained tubes.  
In terms of crystal sizes, there is no apparent difference between SIM and SEQ biaxial strain. Zhang 
et al, 2012,10 also found crystal sizes at 70-80°C in the range of 60-77 Å in direction of strain, 










corresponding to the crystal sizes found in this study in the axial direction after SEQ and SIM 
biaxial strain and UNI strain. The crystals are larger in the circumferential direction at all 
expansions, but decrease with Aexp. During UNI strain, the crystals are larger in the circumferential 
direction (see Table 2). Once the radial strain is applied the crystals decrease in the circumferential 
direction and increase in the axial direction.  
It is not known if the crystals formed during axial strain are destroyed once the radial strain is 
applied, thereby leaving room for new ones to be formed during the expansion. The crystals could 
also have become distorted by the radial strain and have opposite shape dimensions than the UNI 
strain crystals. After annealing at 90 °C for 60 min, the SEQ biaxially strained tubes show crystal 
sizes in the axial direction decrease, whereas crystal sizes in the circumferential direction increase. 
This could mean that the crystals return to a more relaxed state and shape after annealing. This is 
less significant for SIM strained tubes.  
From Table 1 it is seen that after annealing, the properties for both SEQ and SIM biaxial strain are 
the same; however, the axial strength is more affected by the annealing, resulting in an even more 
anisotropic material. Therefore whatever improved mechanical strength and stiffness that is 
obtained as a result of oriented amorphous chains is lost upon annealing. A slight reduction in 
crystallinity was detected after annealing, suggesting that some crystals have reduced in size, or 
disappeared. The loss of stiffness and strength after annealing, cannot be due to a slight reduction in 
crystallinity, because the gain in mechanical performance as a function of strain, as seen in Figure 
4a and b, did not correlate with an increase in crystallinity. It is therefore concluded in this study 
that mechanical performance of PLLA strained at temperatures above Tg (74 °C) is related to strain-
induced chain orientation and packing of crystals, rather than solely related to strain-induced 
crystallinity. 











Crystal formation in PLLA is caused by strain, with uniaxial strain causing the highest degree of 
crystallinity. The crystal orientation of the normal to the (110/200) plane appears perpendicular to 
the direction of strain, having a closely packed α’-crystal structure which resembles the α-crystal 
structure created during isothermal crystallization. Creating a biaxial strain by applying a transverse 
strain to a uniaxial strain causes a different morphological picture, where crystal orientation and 
crystallinity is reduced with degree of strain. The sequence of which the biaxial strain occurs 
furthermore influences the crystal orientation, interplanar spacing, but not the degree of 
crystallinity. In a stepwise sequential biaxial strain the high degree of crystal orientation formed 
during uniaxial strain reduces the ability to form highly oriented crystals during the transverse 
strain, whereas a simultaneous biaxial strain allows formation more aligned crystals, especially at 
high transverse strains.  
In general, applying a transverse strain to an existing uniaxial strain leads to destruction of crystals, 
while forming new crystals in the transverse direction. A simultaneous biaxial strain, however, 
where crystals could form and be destroyed simultaneously in each direction of strain, would then 
contain poorly crystalline regions. It was therefore hypothesized that the sequential biaxial strain 
would leave the material more anisotropic than the simultaneous biaxial strain. Both straining 
methods show the same increase in mechanical stiffness and strength as a function of strain, but a 
different anisotropy, crystal orientation and interplanar spacing. A correlation between the 
mechanical properties of biaxial strained PLLA and the crystal orientation is therefore not found, 
but a different isotropy than hypothesized was detected. The simultaneously biaxial strain shows 
anisotropic properties, with the mechanical properties in the axial direction being the lowest; 
whereas the transverse strain in the sequential method creates less anisotropic properties at high 
strains. 










From these findings, it was concluded that the mechanical performance of PLLA strained at 
temperature above Tg (74 °C) is related to strain-induced orientation of the chains in the amorphous 
region, rather than solely related to strain-induced crystallinity and orientation. 
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Table 1. Elastic modulus (E), yield stress (σy), maximal stress (σmax) for circumferential 
(circ) and axial directions. Statistical significance difference (level of 5 %) between one 
Aexp to another is denoted by either a showing significance difference from (0.5;2.6), and 
b showing significance difference between SIM and SEQ biaxial strain for the same 
Aexp. 










SIM (0.2;2.6) 3274±198 77±2 119±10 2320±273 67±7 
SIM (0.5;2.6) 3456±195 78±2 119±8 2614±219b 76±6b 
SIM (0.2;3.3) 3834±292 a 86±3 a 131±10 a,b 2983±174b  80±6b 
SIM (1.0;3.2)  3997±255 a 87±3 a 137±9 a,b  2848±189 a,b 77±3 a,b 
SIM 
(90°C) 
(1.0;3.2) 2963±338 78±5 140±12 1961±196 67±3 
SEQ (0.5;2.6)  3460±258 82±5  128±13 2983±174b 80±6 
SEQ (0.2;3.3)  3946±321 a 89±4 a 144±13 a,b 3197±143 a,b 86±5b 
SEQ (1.0;3.2)  3964±283 a 91±4 a 150±9 a,b 3966±275 a,b 102±3 a,b 






















Table 2. Crystallinity (Xc) from DSC and crystallite 
sizes from XRD for circumferential (Dc) and axial 
direction (Da).  








As extruded (0) 1 62 - - 
SIM (0.2;2.6) 30 62 67 160 
SIM (0.5;2.6) 32 63 70 151 
SIM (0.2;3.3) 29 66 69 139 
SIM (1.0;3.2) 31 65 65 137 
SIM(90°C) (1.0;3.2) 28 65 65 141 
SEQ (0.5;2.6) 29 64 63 160 
SEQ (0.2;3.3) 30 65 63 146 
SEQ (1.0;3.2) 32 65 60 129 
SEQ(90°C) (0.5;2.6) 30 65 45 142 
UNI (1.0;0) 34 61 183 62 
UNI (120°C) (1.0;0) 36 60 160 126 



























Table 1. Scattering angles (2θ) and their crystal planes for PLLA after ISO 
crystallization, UNI axial, SIM and SEQ biaxial strain before and after annealing. 
For comparison the scattering angles for α and α’-crystals.26,30 
 














SIM 0.5;3.0     16.5 19.1  24.8 33.0 
SIM 0.2:4.3     16.5 18.7  24.5 32.7 
SIM 1.0;4.3     16.2 18.8  24.3 32.4 
SIM (90°C 
60min) 
       32.72 
SEQ 0.5;3.0     15.1 17.3  22.8 30.4 
SEQ 0.2;4.3     15.3 17.3  22.8 30.4 
SEQ 1.0;4.3     15.1 17.3  22.8 30.4 
SEQ (90°C 
60min) 
       32.4 
UNI  1.0;0    15.2 17.1   22.5  
ISO  12.5 14.8 16.8 19.1 22.2   
α 26,30  12.6 14.8-
15.0 
16.7 19.1 22.2   
α'26,30    16.6 18.9  24.7 33.1 
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